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METHODS, SYSTEMS, AND APPARATUS FOR
PROVIDING VARIABLE ILLUMINATION

CROSS-REFERENCE TO RELATED PATENT
APPLICATIONS

This application is a continuation of and claims priority to
U.S. application Ser. No. 14/045,679, filed Oct. 3, 2013,
entitled “METHODS, SYSTEMS, AND APPARATUS FOR
PROVIDING VARIABLE ILLUMINATION,” which claims
priority, as a bypass continuation under 35 U.S.C. §120, to
PCT/US2013/031790, filed on Mar. 14, 2013, which claims
the benefit, under 35 U.S.C. §119(e), of:

U.S. Provisional Patent Application No. 61/612,580, filed on
Mar. 19, 2012, entitled “Lighting Fixture”;

U.S. Provisional Patent Application No. 61/697,635, filed on
Sep. 6, 2012, entitled “Digital Light Agent;” and

U.S. Provisional Patent Application No. 61/762,592, filed on
Feb. 8, 2013, entitled “Digital Light Agent.” Each of these
applications is hereby incorporated herein by reference in its
respective entirety.

BACKGROUND

Intelligent lighting systems combine solid-state light
sources, embedded sensors and controls, and tow-cost perva-
sive networking to create an integrated illumination system
which is highly responsive to its environment. Benefits of
some or all such systems may include, but are not limited to,
a much higher quality of light tailored specifically to user
needs and significant energy savings compared to legacy
lighting system technologies.

SUMMARY

Embodiments of the present invention include a system for
providing variable illumination to an environment. In one
embodiment, the system includes at least one digital control
ready (DCR) lighting fixture, disposed ina first location of the
environment, to provide the variable illumination to at least a
portion of the environment, and at least one digital light agent
(DLA), disposed in a second location of the environment and
operably coupled to the at least one DCR lighting fixture, to
control the at least one DCR lighting fixture in response to at
least one change in the environment.

In at least one embodiment, the DCR lighting fixture com-
prises a fixture housing that contains and/or supports at least
one light source (e.g., one or more light-emitting diodes
(LEDs)), at least one light source driver, an alternating current
(AC) power input, a power converter, a power meter, and a
fixture input/output bus. In operation, the light source gener-
ates the variable illumination in response to the digital control
signal from the DLA. The light source driver, which is oper-
ably coupled to the light source, powers the light source
according to the digital control signal, using AC power from
the AC power input, which is operably coupled to the light
source driver and the power converter. The power converter
converts the AC power to direct current (DC) power at a
voltage of less than or equal to +60 V (e.g., +40 VDC, +24
VDC, or +12VDC) for powering the DLLA. The power meter,
which may be coupled to the light source driver, the AC power
input, and/or the power converter, measures the DCR lighting
fixture’s power consumption. And the fixture input/output
bus, which is operably coupled to the light source, the power
converter, and the power meter, receives the digital control
signal from the DLLA and provides at least one digital report-
ing signal representative of the DCR lighting fixture’s power
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2

consumption and/or light output to the DLLA. For instance,
this digital reporting signal may include information about
the DCR lighting fixture’s power consumption, energy con-
sumption, AC power quality, color temperature, light inten-
sity, and/or temperature. The fixture input/output bus also
provides DC power to the DLA.

In certain embodiments, the DL A includes a DLLA housing
that holds and/or supports at least one sensor (e.g., an occu-
pancy sensor, a temperature sensor, an ambient light level
sensor, and a clock), a memory, a processor, a DLA input/
output bus, and a network interface (e.g., an antenna). In
operation, the sensor provides at least one sensor signal rep-
resentative of change(s) in the environment, such as changes
in occupancy, ambient light level, temperature, time, etc. The
memory stores at least one rule governing a change in the
variable illumination provided by the DCR lighting fixture
based on the change(s) in the environment. The processor,
which is operably coupled to the sensor and to the memory,
generates the digital control signal based on the rule(s) and
the sensor signal and transmits the digital control signal to the
DCR lighting fixture via the DL A input/output bus. The DLA
input/output bus also receives the digital reporting signal and
the DC power from the DCR lighting fixture. And the network
interface, which is operably coupled to the processor, pro-
vides data representative of the digital reporting signal, the
digital control signal, and/or sensor signal to a user.

Some embodiments of the inventive lighting systems
include a cable that connects the fixture input/output bus to
the DLA input/output bus. This cable and the input/output
buses may be compatible with a local interconnect network
(LEN) standard, a controller area network (CAN) standard, a
KNX standard, and/or a digital addressable lighting interface
(DALI) standard. In some cases, the lighting system includes
a second DCR lighting fixture operably coupled to the DLA
via a second cable and, optionally, a third DCR lighting
fixture operably coupled to the DLLA via a third cable coupled
to the second DCR lighting fixture.

Examples of the fixture input/output bus and the DLA
input/output bus may each comprise: a respective power port
for the second portion of the DC power; a respective common
port for a reference voltage level; and at least one respective
data port for the at least one digital reporting signal and the at
least one digital control signal. The fixture input/output bus
and the DLA input/output bus may each be compatible with a
local interconnect network (LIN) standard, a controller area
network (CAN) standard, a KNX standard, and/or a digital
addressable lighting interface (DALI) standard.

Exemplary DCR lighting fixtures may also include at least
one sensor and a processor coupled to the sensor. The sensor
measures at least one fixture parameter, such as a temperature
of the light source (e.g., LED), a light source bias voltage, a
light source operating current, a light source color tempera-
ture, and/or a light source color. The processor receives this
fixture parameter measurement from the senor and transmits
a measurement signal representative of the fixture parameter
to the DLA via a data port in fixture input/output bus.

Additional embodiments of the present invention include a
method of illuminating an environment with variable illumi-
nation from at least one DCR lighting fixture disposed in a
first location within the environment. One example of this
method comprises sensing at least one change in the environ-
ment (e.g., a change in occupancy, environmental tempera-
ture, and/or ambient light level) at a DLA disposed in a
second location within the environment. The DLA or other
processor determines a change in the variable illumination
from the DCR lighting fixture based at least in part on the
change in the environment and generates a digital control
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signal based at least in part on this change in the variable
illumination. The DLA transmits this digital control signal to
the DCR lighting fixture via at least one cable connected to an
input/output bus.

The DLA may also receive (DC) electrical power from the
DCR lighting fixture via the cable and the input/output bus,
e.g., at a voltage of less than or equal to +40 VDC, +24 VDC,
+12 VDC, etc. The DLA may also receive a digital reporting
signal representative of the DCR lighting fixture’s power
consumption via the cable and the input/output bus. In these
cases, the DLA or other processor may determine the change
in the variable illumination based at least in part on the DCR
lighting fixture’s power consumption. And the DLA may
transmit data representative of the DCR lighting fixture’s
power consumption via an antenna or other wireless link.

For purposes of the present disclosure, the term “ambient
light” refers to visible radiation (i.e., radiation whose wave-
length is between about 450 nm and about 700 nm) that
pervades a given environment or space. In other words, ambi-
ent light is the soft, indirect light that fills the volume of the
environment and is perceptible to a person within the envi-
ronment.

Similarly, the term “ambient light level” refers to the illu-
minance, or luminous flux on a surface per unit area. The
illuminance is a measure of how much the incident light
illuminates the surface, wavelength-weighted by the lumi-
nosity function to correlate with human brightness percep-
tion. Luminous flux may be measured in lux (lumens per
square meter) or foot-candles.

The following U.S. published applications are hereby
incorporated herein by reference:

U.S. Pat. No. 8,138,690, issued Feb. 29, 2012, filed Jun. 25,
2010, and entitled “LED-BASED LIGHTING METHODS,
APPARATUS, AND SYSTEMS EMPLOYING LED
LIGHT BARS, OCCUPANCY SENSING, LOCAL STATE
MACHINE, AND METER CIRCUIT”;

U.S. Pat. No. 8,232,745, issued Jul. 31, 2012, filed Apr. 14,
2009, and entitled “MODULAR LIGHTING SYSTEMS”;

U.S. Pat. No. 8,339,069, issued Dec. 25, 2012, filed Jun.
30, 2010, and entitled “POWER MANAGEMENT UNIT
WITH POWER METERING”;

U.S. Pre-Grant Publication No. 2010-0296285-A1, pub-
lished Nov. 25, 2010, filed Jun. 17, 2010, and entitled “SEN-
SOR-BASED LIGHTING METHODS, APPARATUS, AND
SYSTEMS EMPLOYING ROTATABLE LED LIGHT
BARS”;

U.S. Pre-Grant Publication No. 2010-0301773-A1, pub-
lished Dec. 2, 2010, filed Jun. 24, 2010, and entitled “LED-
BASED LIGHTING METHODS, APPARATUS, AND SYS-
TEMS EMPLOYING LIED LIGHT BARS OCCUPANCY
SENSING, AND LOCAL STATE MACHINE”;

U.S. Pre-Grant Publication No. 2010-0302779-A1, pub-
lished Dec. 2, 2010, filed Jun. 24, 2010, and entitled “LED-
BASED LIGHTING METHODS, APPARATUS, AND SYS-
TEMS EMPLOYING LED LIGHT BARS, OCCUPANCY
SENSING, LOCAL STATE MACHINE, AND TIME-
BASED TRACKING OF OPERATIONAL MODES”;

U.S. Pre-Grant Publication No. 2010-0264846-A1, pub-
lished Oct. 21, 2010, filed Jun. 28, 2010, and entitled
“POWER MANAGEMENT UNIT WITHADAPTIVE DIM-
MING™;

U.S. Pre-Grant Publication No. 2010-0295473-A1, pub-
lished Nov. 25, 2010, filed Jun. 30, 2010, and entitled “LED
LIGHTING METHODS, APPARATUS, AND SYSTEMS
INCLUDING RULES-BASED SENSOR DATA LOG-
GING™;
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U.S. Pre-Grant Publication No. 2010-0301768-A1, pub-
lished Dec. 2, 2010, filed Jun. 30, 2010, and entitled “LED
LIGHTING METHODS, APPARATUS, AND SYSTEMS
INCLUDING HISTORIC SENSOR DATA LOGGING”;

U.S. Pre-Grant Publication No. 2012-0235579, published
Sep. 20, 2012, filed Mar. 20, 2012, and entitled “METHODS,
APPARATUS AND SYSTEMS FOR PROVIDING OCCU-
PANCY-BASED VARIABLE LIGHTING”;

U.S. Pre-Grant Publication No. 2012-0143357, published
Jun. 7, 2012, filed Nov. 4, 2011, and entitled “METHOD,
APPARATUS, AND SYSTEM FOR OCCUPANCY SENS-
ING™,

WO 2012/061709, published May 10, 2012, filed Nov. 4,
2011, and entitled “METHOD, APPARATUS, AND SYS-
TEM FOR OCCUPANCY SENSING”;

WO 2012/129243, published Sep. 27, 2012, filed Mar. 20,
2012, and entitled “METHODS, APPARATUS AND SYS-
TEMS FOR PROVIDING OCCUPANCY-BASED VARI-
ABLE LIGHTING”; and

PCT/US2012/63372, filed Nov. 2, 2012, and entitled
“METHODS, APPARATUS AND SYSTEMS FOR INTEL-
LIGENT LIGHTING.”

It should be appreciated that all combinations of the fore-
going concepts and additional concepts discussed in greater
detail below (provided such concepts are not mutually incon-
sistent) are contemplated as being part of the inventive subject
matter disclosed herein. In particular, all combinations of
claimed subject matter appearing at the end of this disclosure
are contemplated as being part of the inventive subject matter
disclosed herein. It should also be appreciated that terminol-
ogy explicitly employed herein that also may appear in any
disclosure incorporated by reference should be accorded a
meaning most consistent with the particular concepts dis-
closed herein.

BRIEF DESCRIPTION OF THE DRAWINGS

The skilled artisan will understand that the drawings pri-
marily are for illustrative purposes and are not intended to
limit the scope of the inventive subject matter described
herein. The drawings are not necessarily to scale; in some
instances, various aspects of the inventive subject matter dis-
closed herein may be shown exaggerated or enlarged in the
drawings to facilitate an understanding of different features.
In the drawings, like reference characters generally refer to
like features (e.g., functionally similar and/or structurally
similar elements).

FIG. 1 illustrates a conventional intelligent lighting sys-
tem.

FIG. 2A illustrates an intelligent lighting system with a
digital control ready (DCR) lighting fixture coupled to a DCR
digital light agent (DLA) according to embodiments of the
present invention.

FIG. 2B illustrates a DLA that controls multiple DCR
lighting fixtures via a daisy-chain connection according to
embodiments of the present invention.

FIG. 3 illustrates a DCR lighting fixture according to
embodiments of the present invention.

FIG. 4 illustrates a DLA according to embodiments of the
present invention.

FIG. 5A illustrates an intelligent lighting system with a
conventional lighting fixture coupled to a DLA via a DLA
fixture adapter (DLAFA) according to embodiments of the
present invention.
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FIG. 5B illustrates a DLA that controls multiple DCR
lighting fixtures via DLLAFA in a daisy-chain connection with
the DCR lighting fixtures according to embodiments of the
present invention.

FIG. 6 illustrates a digital light agent fixture adapter
(DLAFA), or smart power pack, suitable for use with a DCR
lighting fixture according to embodiments of the present
invention.

FIGS. 7A-7D show exemplary power savings achieved by
implementing multi-level occupancy, task tuning, daylight
harvesting, and scheduling responses with a DCR intelligent
lighting system according to embodiments of the present
invention.

FIG. 8 is a pie chart that shows exemplary power savings
distributed according to savings source with a DCR intelli-
gent lighting system according to embodiments of the present
invention.

DETAILED DESCRIPTION

Following below are more detailed descriptions of various
concepts related to, and embodiments of inventive systems,
methods, and apparatus for providing variable illumination
with digital control ready lighting fixtures. It should be appre-
ciated that various concepts introduced above and discussed
in greater detail below may be implemented in any of numer-
ous ways, as the disclosed concepts are not limited to any
particular manner of implementation. Examples of specific
implementations and applications are provided primarily for
illustrative purposes.

Networked Lighting Systems

FIG. 1 shows a networked lighting system 100 suitable for
illuminating a warehouse, cold-storage facility, office space,
retail space, sports venue, school, residential area, outdoor
space, correctional facility, industrial facility, or other envi-
ronment. The networked lighting system 100 provides vari-
able illumination at higher efficiencies and lower costs that
conventional lighting systems. It can also be customized for
energy management, safety, and aesthetic appeal.

The networked lighting system 100 includes one or more
lighting fixtures 110, each of which includes one or more light
sources, such as light-emitting diodes (LEDs), fluorescent
bulbs, etc. Each lighting fixture 110 is powered by switched
alternating current (AC) power 142 from a line voltage relay
140. As understood by those of ordinary skill in the art, the
line voltage relay 140 contains at least one switch (not shown)
that can be opened and closed to turn the switched AC power
142 off and on, respectively.

Each lighting fixture 110 is also operably coupled to a
respective wireless network adapter 150 via a radio-fre-
quency cable, an fiber optic link, a wireless infrared link, or a
radio-frequency wireless link (e.g., a ZigBee link). In some
cases, a single wireless network adapter 150 may be coupled
to more than one lighting fixture 110; in other cases, the
networked lighting system 100 include one (dedicated) wire-
less network adapter 150 for each lighting fixture 110.

The wireless network adapter 150 is powered by an AC
power input 102 (e.g., 100-277 VAC, 50/60 Hz) and coupled
to an ambient light sensor 120 and a low-voltage occupancy
sensor 130 via wired or wireless links. The wireless network
adapter 150 includes one or more transformers that transform
the AC input power 102 into direct current (DC) power suit-
able for powering the ambient light sensor 120 and the occu-
pancy sensor 130. In this case, the wireless network adapter
150 supplies 24 VDC power 156 to both the ambient light
sensor 120 and the occupancy sensor 130.
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The ambient light sensor 120 monitors the ambient light
level in the environment illuminated by the lighting fixture
110 and provides a 0-10 VDC analog ambient light level
signal 122 representative of the amount of light that it detects.
Similarly, the occupancy sensor 130 monitors the occupancy
of'the environment illuminated by the lighting fixture 110 and
provides a digital occupancy signal 132 (e.g., a 5 V transistor-
transistor logic signal) representative of whether or not the
environment is occupied.

The wireless network adapter 150 receives the ambient
light level signal 122 and the occupancy signal 132 from the
ambient light sensor 120 and the occupancy sensor 130,
respectively, and processes them according to one or more
rules stored in a memory (not shown). These rules govern the
networked lighting system’s response to changes in the ambi-
ent light level, occupancy, time of day, day of the week,
ambient temperature, lighting fixture temperature, energy
consumption, and/or other parameters that characterize the
illuminated environment. A processor (not shown) in the
wireless network adapter 150 implements a state machine
that evaluates changes in the lighting fixture’s output based
on the sensor signals and the rules. For instance, if the wire-
less network adapter 150 receives an ambient light level sig-
nal 122 that indicates an increase in ambient light level and
senses that the lighting fixture 110 is operating at 70% of its
maximum rated output, the wireless network adapter 150 may
reduce the lighting fixture’s output to 60% of its maximum
rated output. If the wireless network adapter 150 receives a
“high” occupancy signal 132 after hours and senses that there
is no appreciable ambient light and that the lighting fixture
110 is off, it may turn the lighting fixture 110 to operate at
25% of its maximum rated output.

The wireless network adapter 150 controls the lighting
fixture 110 by adjusting an analog 0-10 VDC dimming signal
152 that determines the lighting fixture’s output illumination
level. Assuming no hysteresis or response nonlinearity, the
lighting fixture’s output illumination level varies linearly
with the amplitude of the dimming signal: 10 VDC produces
the maximum illumination, 9 VDC produces 90% of the
maximum illumination, and so on. Because the dimming
signal 152 is an analog signal, it must be supplied continu-
ously for as long as the lighting fixture 110 is supposed to emit
light at the desired output level. In addition, different fixtures
respond differently to the same analog dimming signal, which
makes it difficult to standardize control hardware like the
wireless network adapter 150. Even a given fixture may
respond differently to the same analog dimming signal under
different environmental conditions (e.g., temperature) and at
different points in it useful life. To compensate for these
variations, the wireless network adapter 150 may have to be
calibrated (and periodically recalibrated) to the fixture 110,
which can be time consuming and expensive.

The wireless network adapter 150 can also turn the entire
lighting fixture 110 on and off. As shown in FIG. 1, the
wireless network adapter 150 supplies a digital relay output
154 to the line voltage relay 140 that supplies switched AC
power 142 to the lighting fixture 110. If the wireless network
adapter 150 determines that there is no reason to illuminate
the environment (e.g., there is no occupancy and the illumi-
nated facility is dosed), it can turn off the switched AC power
142 by transmitting a digital relay output 154 that causes the
switch in the line voltage relay to open. This reduces the
lighting fixture’s power consumption to zero; not even
standby power is applied to the lighting fixture. It also gives
the wireless network adapter 150 coarse control of the light-
ing fixture’s power consumption.
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Digital Control Ready (DCR) Intelligent Lighting Systems

FIG. 2A shows an intelligent lighting system 200 that uses
a two-way open standard for controlling and managing next-
generation fixtures known as the Digital Control Ready (Doo
standard. The DCR standard is a simple, extensible, and low-
cost way to add energy-efficient and feature-rich functional-
ity to any lighting fixture or lighting system (e.g., lighting
system 200). Compared to other networked lighting systems,
which may have many specialized, expensive components,
the DCR intelligent lighting system 200 shown in FIG. 2A
may be simpler and less expensive to install and operate. It
may also be more easily expanded and more flexible than
other networked lighting systems.

Using the DCR standard, a “dumb” DCR lighting fixture
210 can be transformed into an intelligent fixture capable of
occupancy detection, daylight harvesting, task tuning,
0-100% digital dimming, and wireless control and manage-
ment via a separate wireless digital lighting agent (DL A) 220.
The DLA 220 connects to a gateway, server, or other central
management device (not shown) via a network interface, such
as an antenna, free-space optical transceiver, wired connec-
tion, or fiber optic link. Because the DLLA 220 is separate from
the DCR lighting fixture 210, its antenna can be positioned to
send and receive signals over a longer range, with better
signal fidelity, and/or with lower transmit powers, in addition,
the DLA’s network interface (antenna) enables remote con-
trol of the DCR lighting fixture 210, e.g., using an interface
accessible from a networked device like a computer or smart-
phone.

The DCR lighting fixture 210 is network-agnostic at the
control layer and communicates using a bi-directional digital
data link instead of a 0-10 VDC analog dimming input. The
DCR lighting fixture 210 is also “energy-aware™: it meters
and reports its power and energy consumption via the data
link. And it provides DC power (e.g., 24 VDC power from a
class 2 output) to power modular control accessories, includ-
ing the DLA 220.

In the intelligent lighting system 200 shown in FIG. 2A, the
DCR lighting fixture 210 is coupled to the DLA 220 via a
DCR cable 230, which includes a power wire 232, acommon
(ground) wire 234, and a bidirectional data interface 236. The
DCR lighting fixture 210 provides DC power to the DLLA 220
via the power wire 232 and the common wire 234 at a voltage
60VDC, 40VDC, 24 VDC, 12VDC, 9VDC, 5 VDC, or any
other suitable voltage. The DCR lighting fixture 210 gener-
ates this DC power using one or more transformers (not
shown) to transform AC power from an AC input line 202 into
DC power.

The DCR lighting fixture 210 exchanges information with
the DLA 220 via the bidirectional data interface 236, which
may include one or more wires in the cable. In some cases, the
data interface 236 may include a single wire that supports
time-multiplexed communication between the DCR lighting
fixture 210 and the DLLA 220. The data interface 236 may also
include one or more wires that carry signals from the DCR
lighting fixture 210 to the DLLA 220 and one or more wires
that carry signals from the DLA 220 to the DCR lighting
fixture 210.

As understood by those of skill in the art, the power wire
232, the common wire 234, and the bidirectional datalink 236
may each include a conductive wire (e.g., a solid or multi-
strand metal wire) surround by a coaxial insulating layer, such
as a concentric piece of solid plastic or rubber. If desired, the
wires may also be at least partially encased by separate metal
shields or a common metal shield and an outer protective
layer. Suitable physical standards for producing DCR cables
230 include, but are not limited to the local interconnect

20

30

35

40

45

55

8

network (LIN) standard, the controller area network (CAN)
standard, the KNX standard, and the digital addressable light-
ing interface (DALI) standard. For example, the DCR cable
230 may conform to a suitable common standard, such as the
RI-45 standard, and be terminated with suitable connectors,
such as RI-45 connectors, RJ-11 connectors, terminal blocks,
or any other suitable type of connector.

Like other networked lighting systems, the intelligent
lighting system 200 shown in FIG. 2A is suitable for illumi-
nating a warehouse, cold-storage facility, office space, retail
space, sports venue, school, residential area, outdoor space,
correctional facility, industrial facility, or other environment.
In operation, one or more light sources (e.g., LEDs) in the
DCR lighting fixture 210 provide variable illumination
according to digital control signals from the DLA 220.
Because the DCR lighting fixture 210 responds to digital
control signals rather than analog control signals, it produces
light with more uniformly and more consistently than con-
ventional (analog) fixtures. Light output also varies less from
fixture to fixture for a given digital control signal. The use of
digital signaling also eliminates the need for separate digital-
to-analog adapters.

Unlike conventional fixtures, the DCR lighting fixture 210
measures its power consumption, energy consumption (e.g.,
over a given period), operating temperature, commanded
light level, actual light level, command color temperature,
actual color temperature, color (chromaticity), output spec-
trum, remaining LED lifetime, etc., and reports these mea-
surements to the DLLA 220 on a periodic, as-needed, or as-
commanded basis. This bidirectional communication can be
used to implement closed-loop feedback control for more
precise lighting.

The DCR lighting fixture 210 may also report identifying
information to the DLLA 220 (and/or to a fixture adapter as
discussed below) via the bidirectional digital link 236. For
instance, the DCR lighting fixture 210 may transmit its serial
number, model number, make, network address, physical
location, or any other identification information to the DLA
220, e.g., in response to a query from DLA 220, upon being
powered up, on a periodic basis, or on any other suitable basis
or timeline. The DCR lighting fixture 210 may also transmit
information about its configuration or capabilities, including
but not limited to its maximum and minimum light output
levels; its maximum and minimum rated power consumption;
its color temperature and color temperature range; the num-
ber and orientation of the lighting modules in the lighting
fixture; and the number, type, and expected lifetime of the
light sources (e.g., LEDs) in the lighting modules. Again, the
DCR lighting fixture 210 may transmit this information to the
DLA 220 in response to a query from DLA 220, upon being
powered up, on a periodic basis, as part of a periodic “health
check” broadcast, or on any other suitable basis or timeline

The DLA 220 receives and processes the measurements
from the DCR lighting fixture 210. It also monitors the illu-
minated environment for changes in occupancy, ambient light
level, temperature, etc. with one or more occupancy, ambient
light level, and temperature sensors. The DL A 220 may also
receive commands and/or data from other sources, including
a central controller, other DLAs, and other DCR lighting
fixtures, via a network interface, such as an antenna. The DLA
220 evaluates this information according to one or more rules
stored in memory (not shown). Each of these rules govern a
transition between a pair of the intelligent lighting network’s
(or DCR lighting fixture’s) possible operating states. For a
given current operating state, there may a finite number of
possible next operating states, with the transition from the
current operating state to a particular next operating state
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determined by a change in the environmental conditions and/
or the DCR lighting fixture’s operating parameters.

If the DL A 220 determines that the DCR lighting fixture’s
operating state should change (e.g., its light output should go
down because it is consuming too much power), it transmits a
digital control signal to the DCR lighting fixture 210 that
represents the DCR lighting fixture’s new operating state.
This digital control signal may include bits (e.g., 4, 8, 16,32,
or 64 bits) representing the DCR lighting fixture’s light (dim-
ming) level, color temperature, color, output spectrum, target
power consumption, maximum power consumption, or any
other fixture parameter. The DCR lighting fixture 210 adjusts
its operating state in response to this digital control signal,
e.g., to a different light output level or color temperature.
Because the command signal is digital, not analog, it does not
have to be transmitted continuously a single transmission is
enough.

The DLA 220 may also reprogram the DCR lighting fixture
210 via the bidirectional data link 236. For instance, the DLA
220 may update firmware used by the DCR lighting fixture
220. It may also load calibration data or look-up table data
used by the DCR lighting fixture 210 to convert the digital
command signals from the DLA 220 into voltage and/or
current settings for driving the various components and mod-
ules in the DCR lighting fixture 210, such as LED drivers for
LEDs that provide the illumination. In addition, the DLLA 220
may set one or more of the DCR lighting fixture’s “persistent”
operating parameters, such as maximum power or illumina-
tion levels.

Controlling Multiple DCR Lighting Fixtures

FIG. 2B illustrates a DCR-enabled networked lighting sys-
tem 250 that includes several DCR lighting fixtures 210",
210", 210", and 210"" (collectively, fixtures 210) controlled
by a single DLA 220. The DLA 220 is connected to the first
DCR lighting fixture 210' via a first DCR cable 230", just as in
the system 200 shown in FIG. 2A. The second fixture 210" is
connected to the first fixture 210" via a second DCR cable
230" or other suitable bi-directional data link, the third fixture
210" is connected to the second fixture 210" via a third DCR
cable 230™, and so on. In other words, the fixtures 210 are
daisy-chained to the DLA 220 using respective DCR, cables
230', 230", 230", 230"" (collectively, DCR cables 230).

As discussed above, the first DCR cable 230' carries DC
power as well as data from the first fixture 210" to the DLA
220. This data may include data passed on from the other
fixtures 210 in the daisy chain, including information about
the fixtures’ current operating states, respective power con-
sumption, and network health. This information may be
passed up the daisy chain, e.g., from the third fixture 210" to
the second fixture 210" and so on, with each successive fixture
210 simply routing the information rather than analyzing or
processing itin any way. The upstream data may be addressed
or marked with header information that signifies its origin
(e.g., the third fixture 210™).

The first DCR cable 230" also carries digital control signals
from the DLA 220 to the first fixture 210", which acts on
commands that affect its operating state and transmits com-
mands addressed to other fixtures 210 down the daisy chain
via the other cables 230. These digital control signals may
include broadcast messages that affect every fixtures 210 in
the network 250 (e.g., “power off” or “increase light output™)
as well as messages targeted to a particular fixture 210 or
group of fixtures 210. These fixture-specific messages may be
based on localized environmental changes, such as detected
activity (motion), predicted motion, or changes in ambient
light levels (e.g., more light coming through a particular
window or skylight) in a particular section of the illuminated
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environment. The second and subsequent cables 230 may or
may not carry DC power between the fixtures 230 depending
on the fixtures” particular power requirements and available
power supplies.

Digital Control Ready (DCR) Lighting Fixtures

FIG. 3 is a block diagram of the DCR lighting fixture 210
shown in FIG. 2A. The DCR lighting fixture 210 includes a
power meter 310, a low-voltage power supply 320, a proces-
sor (microcontroller 330), one or more LED drivers 340, and
a DCR interface (port) 350. It also includes one or more LED
modules 342a, 3425, . . ., 342n (collectively, LED modules
342), each of which includes one or more LEDs. The LED
modules 342 consume power and emit light according to
digital control signals received by the microcontroller 330
from the DL A 220 (FIG. 2A) via the DCR port 350, which
may conform to the RJ-45 standard. In some cases, the DCR
lighting fixture 210 may have additional DCR ports 350, e.g.,
to support daisy-chain connections as shown in FIG. 2B or to
support connection to other DCR-enabled devices.

The power meter 310 is coupled to an AC input 302 that
receives line AC power from an external source. The power
meter 310 may be implemented in hardware or software and
measures the power consumed by the DCR lighting fixture
100. By way of non-limiting example, the power meter 310
may include a Cirrus CS5490 two-channel energy measure-
ment integrated circuit that provides high-accuracy energy
measurement, on-chip energy calculations, and fast on-chip
calibration. It may also count or integrate the amount of
energy consumed by the DCR lighting fixture 100 over a
given period (e.g., over the most recent billing interval or
since the last query or report). Some examples of the power
meter 310 may also track how much power is consumed by
each component or module in the fixture 210. For instance,
the power meter 310 may measure how much power (and
energy) is consumed by the low-voltage supply 320, the
microcontroller 330, and the LED driver(s) 340.

The power meter 310 supplies the power consumption data
and the energy consumption data to the microcontroller 330,
which reports the data to the DLLA 220 (FIG. 2A) viathe DCR
port 350, which includes a +DC port 352, a data input port
354, a data output port 356, and a ground port 358. The
microcontroller 330 also reports other data about the fixture’s
operating state, such as its operating temperature, the color
temperature of the LEDs, the actual LED output (which may
be measured with a photosensor coupled to the microcontrol-
ler 330), and indications of malfunctions (e.g., error mes-
sages). [t reports this information by generating and transmit-
ting one or more digital signals to the DLLA 220 (not shown)
via a data output port 356 in the DCR port 350. The micro-
controller 330 may report some or all of this data to the DLA
220 at regular intervals (e.g., every hour), when commanded
to by the DL A 220, in response to predetermined events e.g.,
at power-up, power-off, or in the event of a component fail-
ure).

The microcontroller 330 also receives, processes, and car-
ries out digital control signals from the DLA 220. For
instance, if the microcontroller 330 receives a digital control
signal indicating a desired change in the light level or color
temperature provided by the LED modules 342, it actuates the
LED driver(s) 340 an as to provide the desired light level. The
LED driver(s) 340 respond(s) to this actuation by increasing
or decreasing the current provided to the LED modules 342,
which in turn causes the light level to increase or decrease,
respectively. The microcontroller 330 may also actuate the
LED driver(s) 340 so as to actuate the color temperature,
color, beam angle, number of beams, beam footprint(s), etc.
of the beams of light emitted by the LED modules 342.
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As mentioned above, the DCR lighting fixture 210 also
provides DC power to the DLLA 220 via a +Dc port 352 in the
DCR interface 350. This power is generated by the low-
voltage power supply 320, which receives AC power from the
AC input 302 via the power meter 310. The low-voltage
power supply 320 includes at least one AC-DC converter to
transform the AC power into DC power suitable for powering
the DL A 220, the microcontroller 330, the LED driver(s) 340,
and the other electronic components in the DCR lighting
fixture 210. The low-voltage power supply 320 may also
include one or more DC-DC converters to step up or down the
DC voltage from the AC-DC converter as desired.

DCR Digital Light Agents

FIG. 4 is a schematic diagram of the digital light agent
(DLA) 220 shown in FIG. 2A. Embodiments of the DLLA 220
can be made from low-cost, commodity hardware and feature
compact and flexible designs for easy installation. For
instance, the DLA 220 may have electrical and mechanical
connections that make it possible to upgrade an existing fix-
ture in a matter of minutes. Once installed, the DLA 220
provides intelligent occupancy control, task tuning, and day-
light harvesting for reduced power consumption.

The DLA 220 includes a processor (microcontroller 410),
a DC power converter 420, a electrically erasable program-
mable read-only memory (EEPROM) 430, a networking
module 440, a DCR interface 450, and an extensible sensor
bus 460 that holds one or more integrated sensors 462a,
462b, . ..,462n (collectively, sensors 462) disposed within a
housing 470. As understood by those of ordinary skill in the
art, these electronic components may be operably coupled
together via electrical connections conductive traces) or opti-
cal connections (free-space or waveguide links).

The DCR interface 450 is configure to receive DC power
and data and to transmit data to a DCR lighting fixture 210
(FIG. 2A) or other DCR-compatible component via a DCR
cable 230. As described above, the DCR port includes a DC
voltage port (e.g., +12 VDC to +24 VDC), a common port,
and one or more data ports. Power received via the DCR port
450 flows to the DC power converter 420, which steps up or
down the received DC voltage to voltage levels suitable for
powering the microcontroller 410, memory 430, sensors 462,
and other electronic components in the DLA 220.

The sensors 462 may include but are not limited to an
occupancy sensor 462a (e.g., a dual-element passive infrared
occupancy sensor), a digital ambient light sensor 46254, an
internal temperature sensor, an external temperature sensor, a
real-time clock, and a power meter (e.g., a utility-grade power
meter). These sensors 462 detect environmental conditions
associated with the environment illuminated by the fixture
210 and/or the network 200 and conditions of the DLA 220
itself. If desired, one or more of the sensors 462 may be
optically coupled to respective lenses for improved sensing
capabilities. These lenses may be chosen based on the DLLA’s
position within the illuminated environment. For instance, the
lenses may provide wide-area coverage for high-bay and
outdoor mounting, narrower coverage for mid-bay mounting,
etc.

The sensors 462, including the occupancy sensor 462a and
the ambient light sensor 4624, can be calibrated so as to adapt
the lighting network’s performance to specific characteristics
of'the environment. For instance, the occupancy sensor 462a
may be calibrated so as to provide difterent degrees ofrespon-
siveness for people and vehicles. Similarly, the ambient light
sensor 4625 may be calibrated to account or compensate for
variations in reflectivity of surfaces in the environment, the
presence of obstructions between the sensor 4625 and win-
dows or skylights, etc. The DLA 220 may carry out one or
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more of these calibrations internally, e.g., based on informa-
tion about the sensor 462 (e.g., sensor element, lens, ampli-
fier, etc.) derived by or provided to the microcontroller 410.
The DLLA 220 may also be calibrated manually or via external
command based on sensor measurements of known stimuli
(e.g., known ambient light levels or known occupancy pro-
files). Sensor calibration can be automated and/or continuous
(e.g., as implemented with open-loop feedback derived from
sensor data). It can also be carried discretely (e.g., during
installation or routine maintenance) using handheld calibra-
tion tools, software, push-button interfaces on the DL A 220,
etc.

The DLA 220 may also use data from the ambient light
sensor 4625 to perform aging/depreciation compensation of
the DCR lighting fixture’s LEDs. To do this, the DLA 220
tracks the relationship between the commanded light level
and the detected light level over time, possibly by storing
records (data) about the commanded and detected light levels
in the EEPROM 430. The DLA 220 either analyzes this data
itself or transmits the data via the networking module 440 to
an external processor or management module for analysis. In
either case, the analysis involves determining changes in the
detected light level for a given commanded light level. In
other words, the DLLA 220 or external processor determines
how much light the DCR lighting fixture 210 should be gen-
erating, and how much it actually is generating, and adjusts
the calibration constants in the DCR lighting fixture 210
accordingly. Lighting level changes on short time scales (e.g.,
minutes, hours, or days) may indicate environmental
changes, whereas more gradual changes may indicate LED
degradation, sensor degradation, or both. Abrupt changes in
the detected light level for a given commanded tight level may
represent either environmental changes or component fail-
ures. In some cases, these changes can be disambiguated with
data from other sensors (e.g., the occupancy sensor 462a),
components, or user input.

The microcontroller 410 may tog sensor data and fault
information from the DLLA’s electronic components and the
lighting fixture 210 (FIG. 2A) in the memory 430. For
instance, the microcontroller 410 may log occupancy data as
a function of time for later analysis of occupancy and traffic
patterns in the illuminated environment. It may also log and
analyze longer-term changes, such as changes in average
ambient light level with the time of year. This data may be
analyzed, either on-board the DLLA 220 or remotely, to adjust
operation of the lighting system 200, e.g., so as to reduce
power consumption, improve safety, etc.

The microcontroller 410 may also use real-time and logged
sensor to control the DCR fixture 210 so as to provide light
only when and where it is needed, dramatically reducing
lighting-related energy usage. For instance, the occupancy
sensor 462a may provide, to the microcontroller 410, a multi-
bit digital signal that represents the number of occupants, the
types of occupant (e.g., vehicles or people), and the occu-
pants’ trajectories (e.g., no movement, straight-line move-
ment, etc.) in the environment illuminated by the lighting
system 200. The microcontroller 410 responds to this multi-
bit signal by generating one or more digital control signals
according to rules stored in the memory and transmits the
digital control signal(s) to the DCR lighting fixture 210 (FIG.
2A) via the DCR port 450 (e.g., an RJ-45 port).

Similarly, the microcontroller 410 may command the DCR
lighting fixture 210 to change state based on changes in the
ambient light level detected by the digital ambient light sen-
sor 462b. In some cases, the DL A 220 may implement “day-
light harvesting” by reducing the amount of light provided by
the fixture 210 when the ambient light level increases. In other
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words, the DLA 220 may automatically dim the light fixture
210 when the amount of sunlight (or light from other sources)
increases so as to maintain a constant light level in the envi-
ronment illuminated by the lighting system 200. This real-
time feedback allows for precise control of delivered fight in
dynamic conditions.

The DLA 220 may also generate digital command signals
that provide lighting that is tuned to a particular task under-
taken by an occupant of the illuminated environment. This
type of lighting control and management, which is known as
“task tuning,” involves using the ambient light sensor 4625
embedded in the DLA 220 to allow a user to customize
delivered light levels to the specific task at hand. Because
most spaces (environments) are overlit by design, this typi-
cally results in substantial savings. For example, the user may
set the desired light level (e.g., 30 fi-cd) at a particular task
height (e.g., rack height) or task surface (e.g., the surface of a
desk) using an interface (e.g., a web browser or smartphone
app) that is communicatively coupled to the DL A 220. The
DLA 220 responds to this instruction by adjusting the illumi-
nation provided by the DCR fixture 210 to provide the desired
light level using closed-loop feedback provided by ambient
light level measurements from the ambient light sensor 4625.
In some cases the DL A 220 may employ a calibrated transfer
function to map the measured ambient light level(s) to the
light level at the task height as disclosed in PCT/US2012/
63372, filed Nov. 2, 2012, and entitled “METHODS, APPA-
RATUS AND SYSTEMS FOR INTELLIGENT LIGHT-
ING,” which is incorporated herein by reference in its
entirety.

Daylight harvesting, occupancy-based lighting, and other
task- and environmental-based lighting behavior can be con-
trolled and adjusted dynamically using instructions (soft-
ware) stored in the memory 430 coupled to the microcontrol-
ler 410. For example, these instructions may cause the
microcontroller 410 to implement a state machine based on
rules governing the system’s response to changing environ-
mental and system parameters. They may also cause changes
in illumination based on a schedule provided by a facility user
oroperator. The instructions stored in the memory 430 may be
augmented, updated, or overwritten with instructions from a
server, gateway, or other central management module com-
municatively coupled to the DLA 220 via the networking
module 440. In addition, the networking module 440 may
receive instructions for real-time control of the lighting fix-
ture 210, the DL A 220, and/or any other part of the lighting
system 200. The networking module 440 may also serve as a
node in a wireless mesh network or multi-hop wireless net-
work.

As understood by those of ordinary skill in the art, the
networking module 440 may include a radio-frequency (rf)
antenna (not shown) for wireless communication with a Zig-
Bee/IEEE 802.15.4 link, Wi-Fi router, wireless gateway, or
other suitable wireless device. In some cases, the antenna is
disposed within the housing 470, which can be thin and
permeable enough at rf wavelengths not to impede wireless
communication. In other cases, at least part of the antenna
protrudes through the housing 470 to prevent undesired
attenuation or interference with signals transmitted and
received by the antenna.

The networking module 440 may also be used to commis-
sion the DLA 220 after installation. For instance, the DLA
220 may be configured wirelessly using a cross-platform
(Win/Mac) commissioning tool application (not shown)
coupled with a USB ZigBee radio. This wireless toolkit
installers and/or end users to: assign a name or address to the
fixture for identification purposes; set the active and inactive
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light levels; set a timeout for the occupancy sensor 462a; and
set ambient Hot targets for active and inactive states desired,
the user can calibrate the ambient light sensor 4625 use the
commissioning tool application and a separate (e.g., hand-
held) light meter or photodetector. This calibration may be
used to fine-tune or augment the DLA’s factory calibration,
which may encompass using software and hardware to cali-
brate the MA’s software-based power estimator. The user
may also use the commissioning tool application to download
logged data, including event history and energy usage, and
update the firmware stored in the memory 430.

As mentioned above, the DLA’s electronic components
may be disposed within a housing 470. The housing’s physi-
cal form factor may be based on PCA spatial requirements,
sensor lens constraints, and desired wireless antenna cover-
age. For example, the housing 470 may be shaped for surface
mounting, mounting in a recessed junction box enclosure, or
mounting on a conduit to a lighting fixture 210. In one
embodiment, it is about 11 cm high by 11 cm wide by 3.0 cm
indeep. It may be injection-molded or otherwise formed from
a polymeric material, such as acrylonitrile butadiene styrene
(ABS) polymer, that is tough, resistant to impact and heat, and
conforms with the appropriate fire and electrical safety stan-
dards. The housing 470 may protect the DLA’s electronic
components well enough to sustain operation over a tempera-
ture range of about —40° C. to about 50° C. and a humidity
range of about 0% to about 95%.

DCR Intelligent Lighting Systems with Conventional
Lighting Fixtures

FIG. 5A is a diagram of a DCR networked lighting system
500 that includes a conventional dimmable lighting fixture
110 (described above with respect to FIG. 1). The conven-
tional fixture 110 is operably coupled to a DLA 220 via a
DCR digital light agent fixture adapter (DLAFA) 520. The
DLA 220 is connected to the fixture adapter 520 via a DCR
cable 230, and the DLAFA is operably connected to the
conventional fixture 110.

As shown in FIG. 5A, the fixture adapter 520 transforms
the conventional fixture 110 into a DCR fixture from the
perspective of the DLLA 220. The fixture adapter 520 trans-
forms AC power from an AC input 502 into DC power (e.g.,
at+60, +40, +24, +12, +9, or +5 VDC), which it supplies to the
DLA 220. The fixture adapter 520 also supplies switched AC
power to the conventional fixture 110 via an AC line 522
connecting the fixture adapter 520 to the fixture 110.

In addition, to supplying power, the fixture adapter 520
monitors the fixture’s power consumption, energy consump-
tion, etc. It reports this data to the DLLA 220 viathe DCR cable
230 as described above with respect to FIG. 2A. The fixture
adapter 520 also receives digital control signals from the
DLA 220 and uses them to generate 0-10 VDC analog dim-
ming signals suitable for controlling the intensity of the light
emitted by the lighting fixture 110.

Like the DLLA 220 shown in FIG. 2B, a DLAFA can used to
control more than one conventional lighting fixture 110 at a
time. For instance, FIG. 5B illustrates a networked lighting
system 550 that includes several conventional lighting fix-
tures 110", 110", and 110" (collectively, fixtures 110) con-
trolled by a single DLA 220 via a single fixture adapter 520.
In this particular configuration (i.e., one DLLA 220 connected
to one fixture adapter 520, which is connected in turn to many
conventional fixtures 110), the fixture adapter 520 provides a
single analog dimming signal that causes all of the connected
fixtures 110 to dim simultaneously to the same dimming/light
level. The fixture adapter 520 provides the analog dimming
signal and switched AC power to the first lighting fixture 110’
via a first power line 522' and a first analog control line 524,
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justas in the system 500 shown in FIG. 5A. The second fixture
110" is connected to the first fixture 110’ via a second power
line 522" and a second analog control line 524", and so on. In
other words, the fixtures 110 are daisy-chained to the fixture
adapter 520 using respective AC power lines 522', 522", and
522" (collectively, AC power lines 522) and respective ana-
log control lines 524', 524", and 524" (collectively, analog
control lines 524).

DCR Digital Light Agent Fixture Adapter (DLAFA)

FIG. 6 is a block diagram of the fixture adapter 520 used in
the networked lighting systems 500 and 550 of FIGS. 5A and
5B, respectively. The fixture adapter 520 includes a power
meter 610, a low-voltage power supply 620, a processor (mi-
crocontroller 630), a signal conditioning block 640, at least
one DCR port 650 (e.g., two DCR ports 650), and a switch-
able AC relay 660 all disposed within a housing 670. The
power meter 610 is coupled to the AC input 502 and provides
utility-grade power metering for turning lights into managed
energy resources. It measures and records the amount of
power consumed by the fixture adapter 520 and the amount of
switched AC power provided to the lighting fixtures 110 via a
switched AC power output 662, which may comprise AC line,
neutral, ground, and switched connections. It also provides
AC power to the switchable AC relay 660 and to the low-
voltage power supply 620, which transforms the AC power
into DC power (e.g., about +12 VDC to about +24 VDC) for
powering the DLA 220 via the DCR port 650.

The DCR port 650, which may be an RI-45 compatible
connector, also transmits data to connected DCR-compatible
control modules like the DLA 220. The transmitted data
includes power consumption information from the power
meter 610, as well as possibly information about the health of
the fixture 110, the fixture adapter 520, and the network. For
instance, the fixture adapter 520 may report faults in its own
circuitry to the DLA 220.

The DCR port 650 also enables the fixture adapter 520 to
provide full-range 0-10 VDC) dimming control for adding
smooth digital dimming to a wide range of legacy fixture
types. As described above, the DLA 220 generates digital
control signals for changing the light level, color temperature,
chromaticity, etc. of the illumination emitted by the fixture
110 based on data from the fixture adapter 520. In this case,
the fixture adapter 520 receives these digital control signals
and converts them to 0-10 V analog dimming signals using
signal conditioning circuitry 640. This signal conditioning
circuitry 640 transmits the analog dimming signals to the
fixture via a dimming output 642, which may include a 0-10
VDC output connector and a 0-10 VDC reference connector.
The fixture adapter 520 may supply this analog dimming
signal continuously until it receives another digital control
signal from the DLA 220. As mentioned above, one of the
problems with 0-10 VDC dimming control is that it is not
guaranteed to be consistent from fixture to fixture—for
example, two otherwise identical fixtures may output difter-
ent light levels when both are dimmed to 3.5 V on the 0-10
VDC input. Because of this, the fixture adapter 520 may also
store and execute a programmable calibration function to
allow customization of the relationship between commanded
output level (e.g. “set to 35% of maximum brightness” com-
ing from the DLA 220) and the 0-10 VDC output signal.

Like the DCR lighting fixture 210, the fixture adapter 520
may transmit identifying information, such as type and serial
number, and capability information, such as a maximum light
output and color temperature, to the DLLA 220. It may do this
in response to a query from the DILA 220, as part of a periodic
“health-check” transmission, upon power up, etc. The fixture
adapter 520 may derive and/or store information about the
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conventional fixture 110, such as fixture type, location, capa-
bility, etc., and provide this information to DLA 220, either
automatically or in response to a command.

In addition, the DL A 220 may also reprogram the fixture
adapter 520 via the bidirectional data link 236. For instance,
the DL A 220 may update firmware used by the fixture adapter
520. It may also load calibration data or look-up table data
used by the DCR lighting fixture 220 to convert the digital
command signals from the DLLA 220 into analog dimming
signal voltage levels for controlling the fixture 110. In addi-
tion, the DLLA 220 may set one or more of the fixture adapter’s
“persistent” operating parameters, such as maximum power
or illumination levels.

The fixture adapter 520 may include a housing 670 that
defines a compact, bolt-on enclosure, e.g., one with a rugged,
small form factor IP30-rated ABS enclosure suitable for
mounting in a variety of environments. For instance, the
housing 670 may be about 2.5 cm high by 3.0 cm wide by 17.8
cm deep. It may be injection-molded or otherwise formed
from a polymeric material, such as ABS polymer, that is
tough, resistant to impact and heat, and conforms with the
appropriate fire and electrical safety standards. The housing
670 may protect the fixture adapter’s electronic components
well enough to sustain operation over a temperature range of
about —40° C. to about 50° C. and a humidity range of about
0% to about 95%.

Energy Savings

FIGS. 7A-7D and 8 illustrate energy savings achievable
with a DCR intelligent lighting system such as the ones
shown in FIGS. 2A, 2B, 5A, and 5B. The plots in FIGS.
7A-7D show power consumption versus time of day for dif-
ferent types of behavior management supported by a DCR
intelligent lighting system and the (constant) power con-
sumption of a fixture that is always on (or turned on at the start
of the work day (e.g., 6 am) and turned off at the end of the
work day (e.g., 6 pm)). The highlighted areas represent the
reduction in energy consumption realized with the corre-
sponding behavior control as compared to the energy con-
sumption of a comparable lighting system that is always on.
FIG. 7A shows that multi-level occupancy-based control
results in a 20-80% energy savings; FIG. 7B shows that task
tuning results in a 5-40% energy savings; FIG. 7C shows that
daylight harvesting results in up 30% energy savings; and
FIG. 7D shows that scheduling results in a 5-30% energy
savings. FIG. 8 shows energy savings apportioned to each
type of behavior management. These plots show that using
many different types of sensors (occupancy, ambient light,
time-of-day) and control strategies (e.g., multi-level occu-
pancy-based control, task-tuning, daylight harvesting, and
scheduling) leads to greater energy savings. One innovation
associated with the DCR lighting networks and DCR-enabled
lighting fixtures, fixture adapters, and DLLAs disclosed herein
is the integration of these different types of sensors into a
low-cost, modular hardware package (e.g., DLA 220 in FIG.
2) and using software to implement the control strategies
(versus the hard-wired behavior of the multi-box architecture
shown in FIG. 1).

Conclusion

While various inventive embodiments have been described
and illustrated herein, those of ordinary skill in the art will
readily envision a variety of other means and/or structures for
performing the function and/or obtaining the results and/or
one or more of the advantages described herein, and each of
such variations and/or modifications is deemed to be within
the scope of the inventive embodiments described herein.
More generally, those skilled in the art will readily appreciate
that all parameters, dimensions, materials, and configurations
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described herein are meant to be exemplary and that the actual
parameters, dimensions, materials, and/or configurations will
depend upon the specific application or applications for
which the inventive teachings is/are used. Those skilled in the
art will recognize, or be able to ascertain using no more than
routine experimentation, many equivalents to the specific
inventive embodiments described herein. It is, therefore, to be
understood that the foregoing embodiments are presented by
way of example only and that, within the scope of the
appended claims and equivalents thereto, inventive embodi-
ments may be practiced otherwise than as specifically
described and claimed. Inventive embodiments of the present
disclosure are directed to each individual feature, system,
article, material, kit, and/or method described herein. In addi-
tion, any combination of two or more such features, systems,
articles, materials, kits, and/or methods, if such features, sys-
tems, articles, materials, kits, and/or methods are not mutu-
ally inconsistent, is included within the inventive scope of the
present disclosure.

The above-described embodiments can be implemented in
any of numerous ways. For example, the embodiments may
be implemented using hardware, software or a combination
thereof. When implemented in software, the software code
can be executed on any suitable processor or collection of
processors, whether provided in a single computer or distrib-
uted among multiple computers.

Further, it should be appreciated that a computer may be
embodied in any of a number of forms, such as a rack-
mounted computer, a desktop computer, a laptop computer, or
a tablet computer. Additionally, a computer may be embed-
ded in a device not generally regarded as a computer but with
suitable processing capabilities, including a Personal Digital
Assistant (PDA), a smart phone or any other suitable portable
or fixed electronic device.

Also, a computer may have one or more input and output
devices. These devices can be used, among other things, to
present a user interface. Examples of output devices that can
be used to provide a user interface include printers or display
screens for visual presentation of output and speakers or other
sound generating devices for audible presentation of output.
Examples of input devices that can be used for auser interface
include keyboards, and pointing devices, such as mice, touch
pads, and digitizing tablets. As another example, a computer
may receive input information through speech recognition or
in other audible format.

Such computers may be interconnected by one or more
networks in any suitable form, including a local area network
or a wide area network, such as an enterprise network, and
intelligent network (IN) or the Internet. Such networks may
be based on any suitable technology and may operate accord-
ing to any suitable protocol and may include wireless net-
works, wired networks or fiber optic networks.

The DLAs, DLLAFAs, DCR lighting fixtures, and other
electronic devices disclosed herein may each include a
memory (e.g., EEPROM 430 in FIG. 4), one or more process-
ing units (also referred to herein simply as “processors™; e.g.,
microcontrollers 310, 410, and 610), one or more communi-
cation interfaces (e.g., DCR ports 350, 450, and 650), one or
more display units (e.g., LEDs, liquid-crystal displays, etc.),
and one or more data input devices (e.g., keypads, antennas,
etc.). The memory may comprise any computer-readable
media, and may store computer instructions (also referred to
herein as “processor-executable instructions™) for imple-
menting the various functionalities described herein. The pro-
cessing unit(s) may be used to execute the instructions. The
communication interface(s) may be coupled to a wired or
wireless network, bus, or other communication means and
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may therefore allow the electronic device to transmit com-
munications to and/or receive communications from other
devices. The display unit(s) may be provided, for example, to
allow a user to view various information in connection with
execution of the instructions. The user input device(s) may be
provided, for example, to allow the user to make manual
adjustments, make selections, enter data or various other
information, and/or interact in any of a variety of manners
with the processor during execution of the instructions.

The various methods or processes outlined herein may be
coded as software that is executable on one or more proces-
sors that employ any one of a variety of operating systems or
platforms. Additionally, such software may be written using
any of a number of suitable programming languages and/or
programming or scripting tools, and also may be compiled as
executable machine language code or intermediate code that
is executed on a framework or virtual machine.

In this respect, various inventive concepts may be embod-
ied as a computer readable storage medium (or multiple com-
puter readable storage media) (e.g., a computer memory, one
or more floppy discs, compact discs, optical discs, magnetic
tapes, flash memories, circuit configurations in Field Pro-
grammable Gate Arrays or other semiconductor devices, or
other non-transitory medium or tangible computer storage
medium) encoded with one or more programs that, when
executed on one or more computers or other processors, per-
form methods that implement the various embodiments of the
invention discussed above. The computer readable medium
or media can be transportable, such that the program or pro-
grams stored thereon can be loaded onto one or more different
computers or other processors to implement various aspects
of the present invention as discussed above.

The terms “program” or “software” are used herein in a
generic sense to refer to any type of computer code or set of
computer-executable instructions that can be employed to
program a computer or other processor to implement various
aspects of embodiments as discussed above. Additionally, it
should be appreciated that according to one aspect, one or
more computer programs that when executed perform meth-
ods of the present invention need not reside on a single com-
puter or processor, but may be distributed in a modular fash-
ion amongst a number of different computers or processors to
implement various aspects of the present invention.

Computer-executable instructions may be in many forms,
such as program modules, executed by one or more comput-
ers or other devices. Generally, program modules include
routines, programs, objects, components, data structures, etc.
that perform particular tasks or implement particular abstract
data types. Typically the functionality of the program mod-
ules may be combined or distributed as desired in various
embodiments.

Also, data structures may be stored in computer-readable
media in any suitable form. For simplicity of illustration, data
structures may be shown to have fields that are related through
location in the data structure. Such relationships may likewise
be achieved by assigning storage for the fields with locations
in a computer-readable medium that convey relationship
between the fields. However, any suitable mechanism may be
used to establish a relationship between information in fields
of'a data structure, including through the use of pointers, tags
or other mechanisms that establish relationship between data
elements.

Also, various inventive concepts may be embodied as one
or more methods, of which an example has been provided.
The acts performed as part of the method may be ordered in
any suitable way. Accordingly, embodiments may be con-
structed in which acts are performed in an order different than
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illustrated, which may include performing some acts simul-
taneously, even though shown as sequential acts in illustrative
embodiments.

All definitions, as defined and used herein, should be
understood to control over dictionary definitions, definitions
in documents incorporated by reference, and/or ordinary
meanings of the defined terms.

The indefinite articles “a” and “an,” as used herein in the
specification and in the claims, unless clearly indicated to the
contrary, should be understood to mean “at least one.”

The phrase “and/or,” as used herein in the specification and
in the claims, should be understood to mean “either or both”
of the elements so conjoined, i.e., elements that are conjunc-
tively present in some cases and disjunctively present in other
cases. Multiple elements listed with “and/or” should be con-
strued in the same fashion, i.e., “one or more” of the elements
so conjoined. Other elements may optionally be present other
than the elements specifically identified by the “and/or”
clause, whether related or unrelated to those elements spe-
cifically identified. Thus, as a non-limiting example, a refer-
ence to “A and/or B”, when used in conjunction with open-
ended language such as “comprising” can refer, in one
embodiment, to A only (optionally including elements other
than B); in another embodiment, to B only (optionally includ-
ing elements other than A); in yet another embodiment, to
both A and B (optionally including other elements); etc.

As used herein in the specification and in the claims, “or”
should be understood to have the same meaning as “and/or”
as defined above. For example, when separating items in a
list, “or” or “and/or” shall be interpreted as being inclusive,
i.e., the inclusion of at least one, but also including more than
one, of a number or list of elements, and, optionally, addi-
tional unlisted items. Only terms clearly indicated to the
contrary, such as “only one of” or “exactly one of,” or, when
used in the claims, “consisting of,” will refer to the inclusion
of exactly one element of a number or list of elements. In
general, the term “or” as used herein shall only be interpreted
as indicating exclusive alternatives (i.e. “one or the other but
not both”) when preceded by terms of exclusivity, such as
“either,” “one of,” “only one of,” or “exactly one of.” “Con-
sisting essentially of,” when used in the claims, shall have its
ordinary meaning as used in the field of patent law.

As used herein in the specification and in the claims, the
phrase “at least one,” in reference to a list of one or more
elements, should be understood to mean at least one element
selected from any one or more of the elements in the list of
elements, but not necessarily including at least one of each
and every element specifically listed within the list of ele-
ments and not excluding any combinations of elements in the
list of elements. This definition also allows that elements may
optionally be present other than the elements specifically
identified within the list of elements to which the phrase “at
least one” refers, whether related or unrelated to those ele-
ments specifically identified. Thus, as a non-limiting
example, “at least one of A and B” (or, equivalently, “at least
one of A or B,” or, equivalently “at least one of A and/or B”)
can refer, in one embodiment, to at least one, optionally
including more than one, A, with no B present (and optionally
including elements other than B); in another embodiment, to
at least one, optionally including more than one, B, withno A
present (and optionally including elements other than A); in
yet another embodiment, to at least one, optionally including
more than one, A, and at least one, optionally including more
than one, B (and optionally including other elements); etc.

In the claims, as well as in the specification above, all
transitional phrases such as “comprising,” “including,” “car-
rying,” “having,” “containing,” “involving,” “holding,”
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“composed of,” and the like are to be understood to be open-
ended, i.e., to mean including but not limited to. Only the
transitional phrases “consisting of” and “consisting essen-
tially of” shall be closed or semi-closed transitional phrases,
respectively, as set forth in the United States Patent Office
Manual of Patent Examining Procedures, Section 2111.03.

What is claimed is:

1. An apparatus for controlling at least one digital control
ready (DCR) lighting fixture, the apparatus comprising:

at least one sensor to provide at least one sensor signal
representative of the at least one change in the environ-
ment;

a memory to store at least one rule governing a change in
the variable illumination provided by the at least one
DCR lighting fixture based at least in part on the at least
one change in the environment;

aprocessor, operably coupled to the at least one sensor and
to the memory, to generate the at least one digital control
signal based on the at least one rule and the at least one
sensor signal; and

an input/output bus, operably coupled to the processor, to
receive the at least one digital reporting signal and direct
current (DC) power from the at least one DCR lighting
fixture and to provide the at least one digital control
signal to the at least one DCR lighting fixture and to at
least one other DCR lighting fixture serially coupled to
the at least one DCR lighting fixture.

2. The apparatus of claim 1, wherein the apparatus is oper-
ably coupleable to a gateway, server, or other central man-
agement device via a network interface.

3. The apparatus of claim 1, wherein the memory stores at
least one of calibration data, control data, or operating param-
eter data related to operation of the at least one DCR lighting
fixture.

4. A system comprising:

the apparatus of claim 1, and

the at least one DCR lighting fixture operably coupled to
the input/output bus.

5. The system of claim 4, wherein the at least one digital
reporting signal includes information about at least one of
power consumption, health of the at least one DCR lighting
fixture, or at least one fault in the apparatus.

6. The system of claim 4, wherein the at least one digital
reporting signal includes at least one of identifying informa-
tion or capability information of the at least one DCR lighting
fixture.

7. A method of illuminating an environment with variable
illumination from at least one digital control ready (DCR)
lighting fixture disposed in a first location within the environ-
ment, the method comprising:

(A) sensing at least one change in the environment at a
digital light agent (DLA) disposed in a second location
within the environment;

(B) determining a change in the variable illumination from
the at least one DCR lighting fixture based at least in part
on the at least one change in the environment sensed in
(A);

(C) generating at least one digital control signal based at
least in part on the change in the variable illumination
determined in (B); and

(D) transmitting the at least one digital control signal gen-
erated in (C) from the DLA to the at least one DCR
lighting fixture via at least one cable connected to at least
one input/output bus; and

(E) transmitting the at least one digital control signal to at
least one other DCR lighting fixture via the at least one
DCR lighting fixture.
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8. The method of claim 7, wherein (A) comprises sensing
a change in at least one of an occupancy of the environment,
atemperature of the environment, or an ambient light level of
the environment.

9. The method of claim 7, wherein (B) further comprises
determining the change in the variable illumination of the at
least one DCR lighting fixture based at least in part on the
power consumption of the at least one DCR lighting fixture.

10. The method of claim 7, further comprising:

(F) receiving, at the DLA, electrical power from the at least
one DCR lighting fixture via the at least one cable and
the at least one input/output bus.

11. The method of claim 10, wherein (F) comprises receiv-

ing DC power at a voltage of less than or equal to +40 V.

12. The method of claim 10, wherein (F) comprises receiv-
ing DC power at a voltage of +24 V.

13. The method of claim 7, further comprising:

receiving, at the DL A, at least one digital reporting signal
representative of power consumption of the at least one
DCR lighting fixture via the at least one cable and the at
least one input/output bus.

14. The method of claim 7, further comprising:

transmitting data representative of power consumption of
the at least one DCR lighting fixture from the DLA via
an antenna.

15. An apparatus for controlling at least one dimmable
lighting fixture by converting a digital signal to an analog
signal, the apparatus comprising:

an alternating current (AC) power input to receive AC
electrical power;

a power conversion circuit, operably coupled to the AC
power input, to convert the AC electrical power into
direct current (DC) electrical power;

a switchable AC output, operably coupled to the AC power
input and operably coupleable to the at least one dim-
mable lighting fixture, to supply the AC electrical power
to the at least one dimmable lighting fixture;

a first DC output, operably coupled to the power conver-
sion circuit and operably coupleable to the at least one
dimmable lighting fixture, to provide an analog dim-
ming signal to the at least one dimmable lighting fixture;

a second DC output, operably coupled to the power con-
version circuit, to supply the DC electrical power to at
least one other electronic device;

a bidirectional digital communications interface, to send
and receive information related to operation of the at
least one dimmable lighting fixture; and

a power measurement circuit, operably coupled to the
power conversion circuit, to monitor consumption of at
least one of the AC electrical power or the DC electrical
power.

16. The apparatus of claim 15, further comprising:

a common ground, in electrical communication with the
second DC output and the bidirectional digital commu-
nications interface, for use in supplying electrical power
to at least one other electronic device.

17. The apparatus of claim 15, further comprising:

adigital light agent (DL A), operably coupled to the second
DC output and the bidirectional digital communications
interface, to send and receive information related to
operation of the at least one dimmable lighting fixture
and to provide occupancy control, task tuning, and day-
light harvesting for reduced power consumption of the at
least one dimmable lighting fixture.

18. The apparatus of claim 17, wherein the DLA is oper-

ably coupled to a network interface and is operably cou-
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pleable to a gateway, server, or other central management
device via the network interface.

19. The apparatus of claim 17, wherein the second DC
output and the bidirectional digital communications interface
comprise a digital control ready port providing a single point
of connection to the DLA.

20. The apparatus of claim 15, further comprising:

a power meter circuit, operably coupled to the power con-
version circuit and the AC power input, to monitor con-
sumption of at least one of the AC electrical power or the
DC electrical power.

21. The apparatus of claim 20, wherein the information
related to operation of the at least one dimmable lighting
fixture includes at least one of power consumption informa-
tion from the power meter circuit, information about health of
the at least one dimmable lighting fixture, or information
about at least one fault in the apparatus.

22. The apparatus of claim 20, wherein the information
related to operation of the at least one dimmable lighting
fixture includes at least one of identifying information or
capability information.

23. The apparatus of claim 15, further comprising:

a memory, operably coupled to the bidirectional digital
communications interface, to store calibration instruc-
tions related to operation of the at least one dimmable
lighting fixture, and

a processor, operably coupled to the memory, to execute
the calibration instructions stored in the memory.

24. The apparatus of claim 23, wherein the DLA stores in
the memory via the bidirectional data interface at least one of
calibration data, control data, or operating parameter data
related to operation of the at least one dimmable lighting
fixture.

25. A system comprising:

the apparatus of claim 15, and

the at least one dimmable lighting fixture operably coupled
to the switchable AC output and the first DC output.

26. The system of claim 25, wherein the at least one DCR
lighting fixture is a first DCR lighting fixture, and further
comprising:

asecond DCR lighting fixture, operably coupled to the first
DCR lighting, to receive the at least one digital control
signal from the apparatus via the first DCR lighting
fixture.

27. An apparatus for controlling at least one dimmable

lighting fixture, the apparatus comprising:

an alternating current (AC) power input to receive AC
electrical power;

apower supply, operably coupled to the AC power input, to
convert the AC electrical power to direct current (DC)
electrical power;

a power meter circuit, operably coupled to the power sup-
ply and the AC power input, to monitor consumption of
at least one of the AC electrical power or the DC elec-
trical power;

a communications port, operably coupleable to a digital
light agent (DLA), to send and receive information
related to operation of the at least one dimmable lighting
fixture;

a switchable AC relay, operably coupled to the AC power
input and operably coupleable to the at least one dim-
mable lighting fixture, to supply AC electrical power to
the at least one dimmable lighting fixture;

a processor, operably coupled to the communications port
and the switchable AC relay, to receive control data from
the communications port and to send control signals to
the switchable AC relay; and
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a signal conditioning circuit, operably coupled to the pro-
cessor, to convert a digital control signal from the pro-
cessor to an analog output control signal for controlling
the at least one dimmable lighting fixture.

28. The apparatus of claim 27, wherein the information
related to operation of the at least one dimmable lighting
fixture includes at least one of power consumption informa-
tion from the power meter circuit, information about health of
the at least one dimmable lighting fixture, or information
about at least one fault in the apparatus.

29. The apparatus of claim 27, wherein the information
related to operation of the at least one dimmable lighting
fixture includes at least one of identifying information or
capability information of the at least one dimmable lighting
fixture.

30. The apparatus of claim 27, wherein the analog output
control signal for controlling the at least one dimmable light-
ing fixture comprises a 0-10 volt DC control signal.

31. The apparatus of claim 27, further comprising:

a memory, operably coupled to the bidirectional digital
communications interface, to store calibration instruc-
tions related to operation of the at least one dimmable
lighting fixture; and

a processor, operably coupled to the memory, to execute
the calibration instructions stored in the memory.

32. The apparatus of claim 31, wherein the memory
includes firmware and the DA updates the firmware via the
bidirectional data interface.

33. The apparatus of claim 31, wherein the DLA stores in
the memory via the bidirectional data interface at least one of
calibration data, control data, and/or operating parameter data
related to the operation of the at least one dimmable lighting
fixture.
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34. The apparatus of claim 31, further comprising:

a housing, to protect the power supply, the power meter
circuit, the switchable AC relay, the processor, and the
signal conditioning circuit, and couplable to the at least
one dimmable lighting fixture.

35. A system comprising:

the apparatus of claim 27, and

the at least one dimmable lighting fixture operably coupled
to the switchable AC relay and the signal conditioning
circuit.

36. The system of claim 35, wherein the at least one DCR
lighting fixture is a first DCR lighting fixture, and further
comprising:

asecond DCR lighting fixture, operably coupled to the first
DCR lighting, to receive the at least one digital control
signal from the apparatus via the first DCR lighting
fixture.

37. A system comprising:

the apparatus of claim 27, and

the DLA, operably coupled to the power supply and the
bidirectional digital communications interface, to send
and receive information related to operation of the at
least one dimmable lighting fixture and to provide occu-
pancy control, task tuning, and daylight harvesting for
reduced power consumption of the at least one dim-
mable lighting fixture.

38. The system of claim 37, further comprising:

a network interface, wherein the DLA is operably coupled
to the network interface and is operably coupleable to a
gateway, server, or other central management device via
the network interface.

39. The system of claim 38, wherein the power supply and
the bidirectional digital communications interface comprise a
digital control ready port providing a single point of connec-
tion to the DLA.



